For the blind calculation of the International Collaborative Standard Problem (ICSP) experiment on heavy water reactor moderator subcooling requirements, the COMSOL Multiphysics code is used to simulate plastic deformation of a pressure tube (PT) as a result of the interaction of stress and temperature. It is shown that the thermal stress model of COMSOL is compatible to simulate the multiple heat transfers (including the radiation heat transfer and heat conduction) and stress strain in the simplified two-dimensional problem. The benchmark test result for radiation heat transfer is in good agreement with the analytical solution for the concentric configuration of PT and calandria tube (CT). Since the original strain model of COMSOL only considers an elastic deformation with thermal expansion coefficient, the PT/CT contact cannot be predicted in the ICSP. Therefore, the plastic deformation model by the Shewfelt and Godin, widely used in the fuel channel analysis of CANadian Deuterium Uranium (CANDU) reactor, is implemented to the strain equation of COMSOL. The heat-up of PT, the strain rate, and the contact time of the PT/CT are calculated with the boundary conditions (BCs) given for blind calculation of the ICSP experiment. The result shows a sudden expansion of the inner concentric PT within a few milliseconds. This unsteady simulation should be helpful for the conceptual design of experiment as well as for the understanding of multiphysics inside the fuel channels of the CANDU reactor.
Introduction
The CANadian Deuterium Uranium (CANDU) reactor has a square array of horizontal fuel channels which are submerged in a pool of a heavy water moderator. Each fuel channel consists of two concentric tubes, a pressure tube (PT) inside a calandria tube (CT), and a gap that contains CO 2 insulating gas (Figure 1) .
One of the important design features of the CANDU reactor is the use of moderator as a heat sink during some postulated accidents such as a large break loss-ofcoolant accident (LOCA) . If the PT is sufficiently hot while the channel pressure is still relatively high, the PT may radially deform and would fully contact with its surrounding CT (PT/CT ballooning contact) as shown in Figure 1 . When a PT balloons into contact with the CT, the resultant contact heat transfer significantly increases the rate of heat transfer to the CT, and sub- * Corresponding author. Email: smchang@kunsan.ac.kr sequently, to the moderator. The rate of heat transfer to the CT is determined by the temperature difference between the PT and the CT and by the contact heat transfer coefficient. The temperature of the CT is determined by the moderator subcooling and the heat transfer coefficient between the CT and the moderator. The effectiveness of the moderator heat sink to ensure fuel channel integrity at the onset of this ballooning contact is based on a series of contact boiling experiments [1] , which derived the moderator subcooling requirements [2] to preclude a sustained CT dryout by the minimum available moderator subcooling and the PT/CT contact temperature. The moderator subcooling or the local moderator temperature is calculated by computational fluid dynamics tools developed from the results of the numerous experimental and numerical studies [3, 4] . The International Collaborative Standard Problem (ICSP) on heavy water reactor (HWR) moderator subcooling requirements [5] has been organized by the International Atomic Energy Agency (IAEA) to facilitate the development and validation of computer codes for the analysis of fuel channel integrity. The purpose of this ICSP is to provide contact boiling experimental data to assess computer codes simulating the following phenomena: radiation heat transfer to the PT, PT deformation or failure, PT to CT heat transfer, CT to moderator heat transfer, and CT deformation or failure.
The contact boiling experiment has been performed by Canadian Nuclear Laboratories and actual initial/BCs are given to the participants for blind calculations. This work is about blind calculation results with provided initial and BCs of experiments conducted for the ICSP. This blind calculation is completed before the experimental data of ICSP are released for comparison with code prediction in the open calculation.
In this study, a simplified model using the COMSOL code [6] is proposed to study the multiphysics coupled with each other in the process of PT expansion under the subcooling environment. Since a tube is a long slender body, two-dimensional approximation is used for the simplification to the present computation. Two kinds of physics such as structural dynamics and heat transfer are considered for the governing equations. At the boundary, radiation condition is implemented, and prescribed condition of thermal deformation to avoid asymmetric numerical instability. A moving mesh technique is applied, and a creep model is used for the deformation of plastic range.
ICSP experiment

Test facility
Figure 2(a) shows an experimental setup for the ICSP. The test section consists of a 1749 mm long section of Zr 2.5Nb PT mounted concentrically inside a 1700 mm long section of Zircaloy 2 CT. The schematic diagram of this experimental apparatus is presented in Figure 2 (b), where the inner diameter and the thickness of tubes are marked, respectively. The test section is surrounded by heated distilled light water in an open tank measuring 750 mm high, 1425 mm long, and 600 mm wide. The top of the CT is approximately 425 mm from the bottom of the tank and 180 mm below the surface of the water at the start of the test. A uniform 38 mm diameter graphite rod heater, offset 9.5 mm toward the bottom of the PT is used to heat the test section. The 9.5 mm offset attempts to minimize the free convectioninduced-circumferential temperature gradient on the PT during heating. When the heater is concentric with the tube, convection in the pressurizing gas causes significantly higher temperatures at the top of the tube than at the bottom.
Initial and boundary conditions of experiment
From the ICSP experiment, the heater power conditions are given as input of the blind calculation.
In the blind calculation, initial time at 0.0 second is defined as the time when the ramp to full power started. The transient input data for heater power are simplified and plotted as a linear line as shown in Figure 3 . It is ramped from 0.0 to 143 kW of full power within 20.0 seconds, and gradually increases to 149 kW at 140.0 seconds, and then the power is rapidly decreased to 0.0 kW.
Initial temperatures for all solid structures including the heater, PT, and CT walls are assumed to be 70
• C.
Numerical method
Code model
The multiphysical simulation is done with the thermal stress (ts) model in the structural mechanics module of a commercial code COMSOL Multyphysics TM ver. 4.4 [6] . The computational domain and BC are given in Figure 4 (a) and 4(b).
The governing equations are listed as
Equation (1) is solved for components of the stress tensor, and the volumetric external force is given as BCs. Note that the stress tensor, later reduced to the plane stress, should be three dimensional though the computational domain in Figure 4 (a) is two dimensional, which is due to Poisson's ratio in the linear elastic stiffness matrix of Equation (2) . For isotropic materials, the stiffness is expressed as a symmetric square matrix with the six degrees of freedom [7] 
where E is Young's modulus and V is Poisson's ratio. Plane strain is used for the two-dimensional approximation. Structural and thermal strains are coupled in the right-hand side of Equation (2), where the source of temperature is fed back from Equation (4), the energy equation. From the strain rate, the convective velocity as a function of the global inertia coordinate system is simply obtained from Equation (3) . During each time step, both Equations (3) and (4) are integrated by time to calculate a new temperature field for the source term of Equation (2) . The volumetric heat source should be specified inside the field, and other conditions on the temperature and its gradient, or heat flux are exerted at all boundaries.
If we assume a very small deformation of initial grids in the global coordinate, Equations (1)- (4) are coupled to consist of a complete multiphysical system: structural dynamics and heat transfer.
The dominant heat transfer mechanism at the boundaries between the CO 2 gap and each tube is thermal radiation heat transfer, so the others such as convection and conduction will be neglected in this study: the gaseous gap can be deleted from the computational domain in Figure 4 (a), and BCs are marked in Figure 4 (b). Figure 5 shows the computational grids for the present problem, where the number of elements is 3424, edge elements are 952, and vertex elements are 20.
The boundary of core graphite heater is fixed while the inner boundaries of PT and CT should be prescribed as uniform in the radial direction from the thermal expansion and the structural elongation to avoid the numerical instability of asymmetric translation [8] .
where load conditions are specified with a constant pressure 3.5 MPa at the core surface and the inner PT, and 0.1 MPa at the outer PT and the inner CT. The emissivity of the core graphite heater, PT, and CT are 1.0, 0.8, and 0.34, respectively. At the outer boundary of CT, subcooling temperature condition is specified as a constant value of 70
• C under the standard atmospheric pressure. Between the core graphite heater and PT as well as PT and CT, a radiation BC is applied, which is summarized as 
wheren is the outward-normal unit vector. Equation (7) is solved for the local temperature in the boundaries to calculate J in Equation (8) , and the incident radiation G is an explicit function of the surface radiation J and the view factor Fdetermined by the mutual geometric configuration of surface-tosurface radiation boundaries. Therefore, Equations (7) and (8) are iterated for the balance of incoming and outgoing heat radiation through the boundary where the opacity is controlled with temperature distribution and emissivity ε that is a material property.
Material properties
The materials of PT and CT are assumed to be the same as Zircaloy 2. The specific heat capacity and the heat conductivity of Zircaloy 2 [9, 10] are functions of temperature as plotted in Figure 6 . Structural correlations are obtained from the fitting of experimental data in the similar way [11, 12] , Figure 7 . Benchmark validation for the surface-to-surface radiation boundary condition. 
where Equations (12)- (14) are only valid for the linear elasticity model. The valid region of Equation (12) is reduced in T < 973 K, which is below the temperature region of the plastic deformation model. Equations (13) and (14) should be replaced to adopt the plastic deformation model in the next section.
Benchmark test for thermal radiation heat transfer model
The implementation of radiation BC should be validated from the comparison with an analytic solution in a classical textbook [13] . Figure 7 indicates a benchmark problem for the validation of radiation BC. Between two surfaces 1 and 2, a vacuum domain exists, and ε 1 = 0.8,
The analytic solution for heat flux is calculated as
where the area ratio is A 1 /A 2 = r 1 /r 2 and view factor is F 12 = 1. The numerical solution for the computational domain in Figure 7 , where a small hole radius r 1 /3 is located at the center to remove the singularity, T 1 = 1456.5 Kand T 2 = 946.5 K, the mean temperature along each circumference for Q c = 150 kW. Q 12 = 149.1 kW is computed in Equation (15) . Therefore, the error is just within 0.6%. 
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Modification to the plastic deformation model
During abnormal accident conditions, such as a large LOCA without emergency core cooling in CANDU6 reactors, the PT is overheated and may undergo plastic deformation and growth. Plastic deformation is a permanent dimensional change, which occurs as a result of the interaction of stress and temperature. This deformation is known as PT ballooning or creep. The strain model in Equations (12)- (14) is from the model of linear elasticity. The structural behavior over the yield strength of material should be considered in the hightemperature region.
The first simulation is for the linear elastic model, the result of which is shown in Figure 8 . The multiphysical system is converged to a steady state in 160 seconds. The result of the present simulation seems to be very stable, and there is no evidence for the thermal expansion of PT. However, this is restricted from the linear elastic model in Equations (12) and (13), so a modified model is required for the consideration of plastic deformation.
Therefore, the plastic deformation model by the Shewfelt and Godin [14] , which is used for the PT creep model of the Canadian algorithm for thermal hydraulic network analysis (CATHENA) code (CANDU fuel channel analysis code) [9] , is implemented to the strain equations of COMSOL.
The present plastic deformation model is as follows: 
where σ = Pr /w, and t 1 and t 2 are times at temperature T 1 = 973 K and T 2 = 1123 K, respectively.
Unfortunately, the time integration at the denominator of Equation (16) cannot be expressed in the analytic form, which needs some approximation. Using the twopoint Gaussian quadrature [15] for these integrations,
The time rate for the surface temperature of PT in Equations (17) and (18) is estimated from the simulation results of the linear elasticity model in Figure 8 (c)
where this value seems a constant during the time 40 to 60 seconds. Therefore, if the thermal expansion of PT terminates in that time region, this assumption should be valid for the present simulation. The strain rate in Equation (16) is expressed in an explicit form: 
From the definition of thermal expansion,
Equation (21) is expressed in the form of thermal expansion coefficient, simply divided byṪ in Equation (22): 
Equation (23) is finally applied to the simulation of plastic deformation of PT. The thermal expansion coefficient becomes a function of temperature (Figure 9) . When the PT is heated, over the temperature 973 K, the expansion coefficient is abruptly increased to reach about 1.7 × 10 4 times that in the linear elastic region in the numerical value at 1400 K.
Therefore, in the nonlinear range, the term of thermal expansion in Equations (2) and (6) should be corrected from the linear form:
and two-point Gaussian quadrature method is used for the numerical computation of the integration in Equation (24). In the four-point Gaussian quadrature, the strain rate in Equation (21) is substituted tȯ 
Additionally, the integration in Equation (24) should be modified with four-point Gaussian quadrature.
Blind calculation results
The COMSOL Multiphysics solver integrates Equations (1)- (4) with finite element method schemes, and the approximate solution is obtained by time marching. The heat source in Equation (4) is given by heater power BC as shown in Figure 3 . The constant temperature BC (70
• C) is given to outside surface of CT in the first stage before contact, but the heat flux is fixed zero, or adiabatic in the later stage after contact where the outer BC on CT should be modified with convection and boiling models. In the present step, the adiabatic outer BC is just imposed to compare with the result from CATHENA code. Figure 10 shows the results of von Mises stress and configuration of PT expansion before/after contact time. The PT is ballooned to contact with CT at 77.5 seconds.
The PT at time of 76 seconds ( Figure 10(a) ) starts to expand and rapidly contact with CT within 1.5 seconds (Figure 10(b) ). The present computation uses the thirdorder, or two-point Gaussian quadrature for the numerical integrations.
Under the same condition as CATHANA code [9] , the simulation is done, and the final result for temperature and strain in Figures 11 and 12 , respectively. CATHENA code results are compared with those of the COMSOL code. The PT/CT contact time by CATHENA calculation is 71.5 seconds, which is earlier than that by the COMSOL prediction. However the heat-up of PT and strain results are in good qualitative agreement at least as shown in Figures 11 and 12 , respectively. The quantitative inconsistency of the contact time is due to the numerical error for the rapidly varying grids in the integration of Equation (23). If we select more points of Gaussian quadrature such as Equation (25), the contact time can be reduced to 74.6 seconds (seventh-order or four points), for example. The higher order numerical method shows that the curves in Figures 11 and 12 are closer to the result of CATHENA code.
As shown in Figure 13 , there is a sharp discontinuity in the deformation model of Shewfelt and Godin at T = 1123 K. As the two-point Gaussian quadrature slightly underestimates the expansion ratio, α(T) less than fourpoint approximation before the contact, or T < 1123 K, the contact time is overestimated in 3.75% error. However, in T > 1123 K, the two-point approximation overestimates α(T) more than high-order numerical method reversely, and therefore the slightly less slope of dT/dt and dε/dt of COMSOL results in Figures 11 and 12 can be explained naturally.
Conclusion
Unsteady two-dimensional multiphysical simulation has been numerically setup with the thermal stress module in COMSOL Multiphysics. The core heater, PT, and CT are modeled from the geometry configuration of the test apparatus simulating the horizontal fuel channel of a CANDU-type reactor. To avoid other installation effects, the configuration of tubes is arranged concentric, and the inner boundaries are prescribed to satisfy the radial symmetry. The radiation surface-to-surface BC between tubes is validated to have a very small error only in 0.6% for this numerical computation from the classical analytic solution.
The results of numerical simulation in this work are as shown.
(1) With linear thermal elastic model, the expansion of PT is very small, and the solution converges to the steady state within hundreds seconds. This result implies that the only component that makes the computation unstable is the plastic thermal deformation of tubes. (2) When the present computational model is extended with a plastic deformation model, the sudden radial expansion or ballooning is globally observed in the system of concentric tube. PT expands within several milliseconds at 77 seconds from the initial condition to contact with outer CT. The temperature between the heated PT and CT undergoing the subcooling environment is high temperature of about 760 K, and the union of PT and CT will be faced to a great heat sink after the contact. (3) With the higher order accuracy for the numerical method of Gaussian quadrature from third (twopoint) to seventh(four-point), the CT/PT contact time is reduced about three seconds, and the slopes of temperature and strain were a little reduced after contact, which should be considered as more realistic one.
The present simulation is restricted to a twodimensional reduced physics, but the physical mechanism clearly shows that the thermally heated PT with radiation heat transfer can expand to contact the outer CT with a series of reasonable and feasible assumption, which will be helpful to understand the essence of the experimental result for physics during a very short time such as a LOCA in the fuel channel of CANDU reactors.
The multiphysics analysis results in a reasonable qualitative and quantitative trend, and is compared with CATHENA code results. The models after the contact of PT and CT should be considered in the future, and the accuracy order of the integration with numerical method of Gaussian quadrature should be modified for the improvement of numerical quality.
